How and when education improves cognitive capacity is an issue of profound societal importance. Education and later-life educationrelated factors, such as occupational complexity and engagement in cognitive-intellectual activities, are frequently considered indices of cognitive reserve, but whether their effects are truly causal remains unclear. In this study, after accounting for general cognitive ability (GCA) at an average age of 20 y, additional education, occupational complexity, or engagement in cognitive-intellectual activities accounted for little variance in late midlife cognitive functioning in men age 56-66 (n = 1009). Age 20 GCA accounted for 40% of variance in the same measure in late midlife and approximately 10% of variance in each of seven cognitive domains. The other factors each accounted for <1% of the variance in cognitive outcomes. The impact of these other factors likely reflects reverse causation-namely, downstream effects of early adult GCA. Supporting that idea, age 20 GCA, but not education, was associated with late midlife cortical surface area (n = 367). In our view, the most parsimonious explanation of our results, a meta-analysis of the impact of education, and epidemiologic studies of the Flynn effect is that intellectual capacity gains due to education plateau in late adolescence/early adulthood. Longitudinal studies with multiple cognitive assessments before completion of education would be needed to confirm this speculation. If cognitive gains reach an asymptote by early adulthood, then strengthening cognitive reserve and reducing later-life cognitive decline and dementia risk may really begin with improving educational quality and access in childhood and adolescence.
cognitive aging | longitudinal | occupational complexity | cognitive activities | reverse causation E ducation, occupational complexity, and later life engagement in cognitive-intellectual activities are generally considered to be protective against risk for dementia (1-6). They are also frequently used as indices of cognitive reserve (7); for example, higher education is associated with greater resistance to Alzheimer's disease (AD) pathology (4, 8) . However, such putative protective effects for promoting or maintaining brain and cognitive function could indicate reverse causation, that is, people with higher intellectual capacity attaining higher levels of education and occupational complexity and engaging more frequently in intellectually stimulating activities (9) (10) (11) . Reverse causation is also consistent with the substantial genetic association between education and general cognitive ability (GCA), and the relationship of education to midlife and later-life cognitive function is largely mediated by genetic influences on GCA (12, 13) . (Here we use GCA to refer to any IQ-like summary or principal component index of overall cognitive function.) Some studies also have found that additional education increases intelligence (14, 15) , but whether this means that additional education-related exposures at any age-particularly later in life-will improve cognition is unclear.
Here we focus primarily on studies with cognitive data from earlier age periods, because these were able to test reverse causation and provide the most precise estimates. A meta-analysis of seven studies (10 datasets) with pre-post comparisons found that each additional year of education accounted for an average of 1.20 additional later-life IQ points (14) . The average increase in IQ points per year of education was 2.06 in policy change studies (e.g., increasing compulsory education) and 5.22 points in studies comparing students entering school at different ages. On the other hand, there is also evidence for an end, and even a partial reversal,
Significance
The impact of additional education on later-life cognition remains unclear. After accounting for general cognitive ability (GCA) at age 20 y, education, occupational complexity, or engagement in cognitive-intellectual activities accounted for <1% of the variance in late midlife cognitive functioning. Age 20 y GCA, but not education, was also associated with late midlife cortical surface area. Education exposures likely reflect reverse causation, that is, downstream effects of earlier GCA. Education does improve cognitive ability, but there are suggestions that this effect plateaus in late adolescence/early adulthood. If so, improving educational quality and access much earlier in life may be important for reducing later-life cognitive decline and risk for dementia. of the Flynn effect-i.e., secular increases in IQ associated with increasing education in later cohorts-in late adolescence (16, 17) .
Clouston et al. (18) assessed cognition at age 15-16 y in three cohorts. These data were included in the meta-analysis, but they specifically addressed the benefit of a university education. Completing a university education led to a midlife gain of 0.39-1.49 SD, equivalent to gains of 6-22.35 IQ points over adolescent cognitive ability compared with individuals who did not attend university. Scottish cohort studies are particularly valuable because they include identical pretests and posttests of GCA. There was an increase equivalent to 1.42 and 0.66 IQ points per year of education in the Lothian 1936 (at age 70 y) and 1921 (at age 79 y) birth cohorts, respectively, after controlling for age 11 GCA (19) . After controlling for age 11 GCA in the 1936 cohort, socialintellectual activity accounted for an average of 0.25-2.85% of the variance in reading recognition, processing speed, and memory (10); physical activity accounted for an average of 0.49-2.25% of the variance in these cognitive abilities. After accounting for age 11 GCA and age 79 y brain burden measures in the Aberdeen cohort, education accounted for an average of 6.0% of the variance in memory but none of the variance in reasoning (20) . Occupation accounted for an average of 4.2% of the variance in memory and 6.7% of the variance in reasoning.
Whether additional education or other factors affect midlife or late-life cognitive function beyond what was accounted for by earlier-life GCA warrants further study for several reasons. The magnitude of effects differs substantially across studies. Most studies covered composite indices or limited cognitive measures, and almost all had different pretest and posttest measures. In addition, putative protective factors were generally examined one at a time. Such models may miss significant predictors and may be biased (21) . Simultaneous examination would be useful because these factors are related to one another.
Given evidence of the impact of education on later cognition being largely mediated by genetic influences on GCA, and for the leveling off of the Flynn effect in studies of late adolescents, our primary hypothesis was that education, occupational complexity, and midlife engagement in cognitive-intellectual activities would contribute little to late-midlife cognitive functioning over and above GCA assessed post-high school in young adulthood. We simultaneously examined several other factors that have been associated with later-life cognitive function (22) , assessed education at baseline testing as well as lifetime educational attainment, and examined outcomes in seven cognitive domains plus the same test of GCA that had been administered more than four decades earlier. In previous work, we showed that cortical surface area, but not thickness, is associated with GCA, and that this association remains stable over the lifespan (23, 24) . Therefore, we also hypothesized that age 20 GCA, but not lifetime education or cortical thickness, would be positively associated with late-midlife cortical surface area. Consistent with reverse causation, extremely little variance in late-midlife cognition was accounted for by the other factors after accounting for earlier GCA. In addition, getting a 4-y university education after the baseline assessment accounted for virtually no variance in late-midlife GCA after accounting for baseline GCA. Again, consistent with reverse causation, our hypothesis about cortical surface area was also supported.
Materials and Methods
Participants. The study participants were subjects in the Vietnam Era Twin Study of Aging (VETSA), which has been described in detail previously (25, 26) . Participants were recruited from a registry of twins serving in the American military at some point between 1965 and 1975 (27) . Eligibility for VETSA 1 included age 51-59 y at enrollment and both members of a twin pair agreeing to participate. VETSA 2 was conducted 5.69 (SD = 0.69) y later. Nearly 80% of participants reported no combat exposure. The sample is reasonably representative in that the participants are similar in health and lifestyle characteristics to American men in their age range (28) . Of the 1,237 individuals who participated in VETSA 1, 1,009 (82%) returned for VETSA 2. Neuroimaging was instituted midway into the VETSA project; 367 participants had valid neuroimaging data. All participants provided written informed consent. The study was approved by Institutional Review Boards at the University of California, San Diego, Boston University, and Massachusetts General Hospital.
Measures.
Childhood socioeconomic status (cSES). cSES was calculated using highest parental education and occupation during childhood (<18 y) based on the Hollingshead Scale (29) . Age 20 education. This is the highest attained years of formal education when participants took the test of GCA at an average age of 20 y. Age 20 and 62 GCA. At an average age of 20 y and at VETSA 2 (average age, 62 y), participants took the Armed Forces Qualification Test (AFQT) (30) . The AFQT has a high correlation with other tests of GCA (31, 32) . AFQT percentile scores underwent probit transformation for analysis to normalize the distribution (SI Appendix, Materials and Methods). Lifetime education. This is the highest attained years of formal education over one's lifetime.
Measures at VETSA 1 (Average Age, 56 y). More details are provided in SI Appendix, Materials and Methods and Table S1 . Correlations among the predictor variables (cSES, age 20 GCA, and VETSA 1 measures) are shown in SI Appendix, Table S1 . Occupational complexity. Occupational complexity refers to the highest level of occupation attained according to the International Standard Classification of Occupations (ISCO) (33) . There are 10 major groups, from managers/leaders/ major professionals (coded as 1) to elementary occupations, such as laborers/ drivers (coded as 9). Engagement in cognitive-intellectual activities. We used a composite score of 11 self-reported activity items during the past month on the Life Complexity Inventory (34) , which provides information about the frequency of engagement in cognitively stimulating activities in one's free time. One point was assigned for each activity based on participant engagement. Physical activity. Participants reported frequency of engagement in physical fitness and walking/hiking during the past month using a 5-point Likert scale, ranging from "never" to "daily." The measure was the average of both categories. Health status. Health was measured according to a modification of the Charlson Comorbidity Index (35) . One point was assigned for the presence of 15 different chronic medical conditions. Higher scores indicate poorer health.
Measures at VETSA 2 (Average Age, 62 y). Cognitive domains. Seven cognitive domains were derived from 23 scores from 13 neuropsychological tests administered during VETSA 2 (36, 37) . For domains with multiple tests and scores, we calculated the mean of z-scored measures except for executive function, which was based on a common factor (38) . Higher scores represent better performance. The domains were abstract reasoning, episodic memory, processing speed, verbal fluency, visual-spatial ability, working memory, and executive (SI Appendix, Methods and Table S2 ). Correlations among the cognitive outcome measures are shown in SI Appendix, Table S3 . Magnetic resonance imaging. Total cortical surface area and mean cortical thickness measures were derived using FreeSurfer 5.1 with T1-weighted images acquired on 3-T scanners at two data collection sites. Acquisition parameters, editing, and quality control procedures have been described in detail elsewhere (39-42) (SI Appendix, Materials and Methods).
Statistical Analysis. More details are provided in SI Appendix, Materials and Methods. Mixed-model analysis. All variables were standardized (mean = 0; SD = 1). Type III effects are presented. We ran models 1-4 for each cognitive outcome plus age 62 GCA; model 5 was for age 62 GCA only. The six models were as follows:
Model 1: Predictors were cSES, lifetime education, occupational complexity, engagement in cognitive-intellectual activities, physical activity, and health. Model 2: Model 1 predictors plus age 20 education. Collinearity diagnostics using the variance inflation factor statement in SAS 9 4 PROC REG indicated that this model with 2 measures of education was valid. To correct for multiple tests and for correlations among the outcome measures, we applied the method of Li and Ji (43) to the false discovery rate (SI Appendix, Materials and Methods and Table S3 ).
Magnetic Resonance Imaging Analyses. We previously showed that surface area, rather than thickness, drove the cortical-GCA association in VETSA 1 (23) . Here we examined the correlations of lifetime education and age 20 GCA with total cortical surface area and mean cortical thickness at age 62 y.
Co-Twin Control Analyses. We used a co-twin control design to evaluate whether observed associations of education with cognitive outcomes showed evidence of a direct causal effect, after controlling for genetic and familial/shared environmental effects (44, 45) . Because the contribution of education was so small (Results), we report the co-twin control data in SI Appendix, Results.
Covariates and Other Statistical Adjustments. Before entry into all analyses, measures were adjusted for age at VETSA 2 and race/ethnicity (white nonHispanic vs. other). We controlled for correlated twin pair data using random effects in all but the co-twin control analyses. Magnetic resonance imaging analyses included a covariate for scanner because two different scanners were used.
Results
Sample Characteristics. Participant age range was 51-60 y at the VETSA 1 assessment and 56-66 y at the VETSA 2 assessment. The participants were primarily non-Hispanic white (89%) and currently married (78%). When the age 20 GCA measure was administered, 92% had completed high school and 22% had attained some college education. For lifetime education, 97% had completed high school, 60% had some college education, and 29% had a bachelor's degree or higher. The average percentile score on the age 20 GCA measure was 61. 48 Table 1 , after multiple testing correction, lifetime education was a significant predictor of six of seven cognitive domains plus age 62 GCA. Occupational complexity and cognitiveintellectual activities were each significant predictors of five cognitive domains, and health was significantly associated with four domains plus GCA. Physical activity was a significant predictor of only one cognitive domain. Model 2. Here we added education at age 20 y as a predictor (SI Appendix, Table S6 ). After multiple testing correction, education
Here we included age 20 GCA in place of age 20 education. As shown in Table 2 , age 20 GCA was by far the strongest predictor, significant for all later cognitive measures. Again, results for the other predictors were similar to the results for models 1 and 2. The median percentage of variance in specific cognitive abilities that was accounted for by lifetime education, occupational complexity, and cognitive-intellectual activities was 0.77%, 0.71%, and 0.45%, respectively. The median percentage of variance in specific cognitive abilities accounted for by age 20 GCA was 10.24%. Model 4. Here we improved precision because the participants' educational level was identical (12 y) at the time they took the test of GCA. After multiple testing correction, age 20 GCA contributed significantly to age 62 GCA and all specific cognitive abilities except verbal fluency (Table 3) . Lifetime education was no longer a significant predictor of any cognitive measure, and the number of other significant predictors was reduced substantially compared with models 1-3. Model 5. Here we included age 20 GCA and dichotomized lifetime education (12 y vs. 4-y university education) with age 62 GCA as the outcome and cSES as the only other predictor (n = 463; SI Appendix, Table S7 ). Age 20 GCA accounted for 40% of the variance in age 62 GCA; education accounted for 1.60%. In models 3 and 4, with education as a continuous variable, age 20 GCA accounted for 39% and 40% of the variance in age 62 GCA, respectively, and education accounted for nearly none of the variance. For the 12-y education group, GCA was 0.002 SD higher at age 62 y than at age 20 y, and for the university education group, GCA was 0.084 SD higher at age 62 y than at age 20 y. The difference between the two groups is equivalent to a 1.23-IQ point gain from having at least a university education (<0.308 per year).
Mixed Models That Examined only a Single Protective Factor (Models 6a and 6b). With a less stringent multiple testing correction in these models, both lifetime education and occupational complexity were significantly associated with all specific cognitive abilities and age 62 GCA after adjusting for age 20 GCA (SI Appendix, Table S8 ). Lifetime education accounted for a median of 1.90% of the variance in the different cognitive abilities, 1.44% of the variance in occupational complexity, and 11.09-12.25% of the variance in age 20 GCA. Including age and ethnicity as covariates had little impact on these results. Age 20 GCA accounted Engagement in cognitive activities, physical activity, and health status were assessed at average age 56 y. All outcomes were adjusted for age and race/ethnicity. Numbers in the table are β coefficients. Values in bold type are significant after correction for multiple testing. Sample sizes are 93-96% of the total number. Exact P values are shown to highlight differences in magnitude of effects. SES, socioeconomic status.
for 41-43% of the variance in age 62 GCA, and education accounted for <1%.
Associations with Cortical Surface Area and Thickness at Age 62 y.
Lifetime education was unrelated to either total cortical surface area (β = 0.034; P < 0.4829; r = 0.03; n = 365) or mean cortical thickness (β = 0.001; P < 0.9830; r ∼ 0.00; n = 367). Age 20 GCA was significantly correlated with cortical surface area (β = 0.167; P < 0.0009, r = 0.158; n = 357) but not with mean cortical thickness (β = 0.031; P < 0.5224; r = 0.03; n = 359). The age 20 GCA-surface area association remained significant even when restricting the analysis to only individuals with exactly 12 y of education (β = 0.143; P < 0.0171; r = 0.130; n = 223).
Discussion
The most parsimonious explanation of our results is reverse causation-namely, that individuals with higher intellectual capacity tend to attain more education, achieve higher occupational status, and engage more in cognitive-intellectual activities. Thus, the impact of the latter factors is primarily downstream of intellectual capacity. On average, after accounting for age 20 GCA, lifetime education or occupational complexity each accounted for <1% of variance in specific cognitive abilities. In contrast, age 20 GCA accounted for ∼10% on average. For participants with exactly the same amount of education at baseline testing, differences in additional education still had little impact on later cognitive function. Supporting these results, age 20 GCA-but not education-was associated with age 62 cortical surface area, a finding consistent with the documented stability of brain-GCA associations (24) . Active gene-environment correlation-that is, individuals genetically predisposed to higher intellectual ability tending to seek out environments that promote cognitive and brain development (46, 47)-may account in part for this phenomenon.
The two Lothian birth cohorts provide the best comparison with our study because within studies, each used the same test at outcome and at baseline. In the two Lothian cohorts, there was an equivalent of a 0.66-IQ point and 1.42-IQ point advantage, respectively, for each year of education (weighted average, 1.18) in their models with age 11 GCA, education, and cSES. In our comparable model (SI Appendix, Table S8 ), education resulted in a 0.33-IQ point per year gain for age 62 GCA. With 12 y of education, one would expect an increase of >14 IQ points based Engagement in cognitive activities, physical activity, and health status were assessed at average age 56 y. All outcomes were adjusted for age and race/ethnicity. Numbers in the table are β coefficients. Values in bold type are significant after correction for multiple testing. Sample sizes are 93-96% of the total number. Exact P values are shown to highlight differences in magnitude of effects. GCA, general cognitive ability; SES, socioeconomic status. Engagement in cognitive activities, physical activity, and health status were assessed at average age 56 y. All outcomes were adjusted for age and race/ethnicity. Numbers in the table are β coefficients. Values in bold type are significant after correction for multiple testing. Sample sizes are 93-96% of the total number. Exact P values are shown to highlight differences in the magnitude of effects. GCA, general cognitive ability; SES, socioeconomic status.
on the Lothian studies vs. <4 points based on the VETSA study. In cohorts examined by Clouston et al. (18) , the gain from having a university over a high school education was 6-22.35 IQ point equivalents, compared with only 0.40 point in VETSA. Cohort differences do not seem likely to account for the lower educationrelated gain in VETSA. One would expect quality of education, health, and nutrition-all of which contribute to cognitive and brain development-to be better in later-born cohorts, but educationassociated gains were largest in the earlier-born cohorts. CountryUnited States, England, or Scotland-also did not account for the differences. It is also worth noting that only these studies with the same baseline and outcome tests can provide measures of absolute education-related IQ point gains. All other analyses can provide only a rough approximation by standardizing scores for different baseline and outcome tests.
With average age at baseline testing of 12.35 y in the metaanalysis, there was an average gain of 1.20 IQ points per year of education in pre-post studies and 2.06 IQ points per year in policy change studies (14) . The authors suggested that IQ gains might diminish with increasing education rather than being additive across multiple years of education. If additive, the lower estimate of 1.20 would translate to a 14.40-point increase for 12 y of education and a 24-point increase with 4 y of university education plus 4 y of graduate school. Such continued substantial increases seem implausible. In fact, we speculate that the lower gain in our sample is because baseline testing was done at a much later age. There is still substantial brain development during childhood and adolescence. Additional education likely provides an enriching environment that promotes brain and cognitive development; however, by age 20 y there would be much less subsequent brain development (48, 49) . With that in mind, it is noteworthy that despite similar stability coefficients, in the Lothian birth cohorts there was a substantial increase of 1.12-1.51 SDs in mean GCA from age 11 y to age 70 or 79 y (19) ; in the VETSA, there was virtually no change-a 0.08 SD increase-from age 20 y age 62 y. A Norwegian policy change study showed that additional schooling in adolescence raised IQs, but left open the question of whether that trend would continue with later education (15) . Based on testing at age 18-19 y, other Norwegian population studies have shown that the Flynn effect-increasing IQ with increasing compulsory education-has leveled off and even slightly reversed (16, 17) . Those findings are also consistent with education-associated IQ gains eventually plateauing, perhaps reaching an asymptote by age 18-19 y.
The inclusion of multiple additional predictors in our models might explain the smaller amounts of variance accounted for by education or occupational complexity compared with other studies. After accounting for age 20 GCA in VETSA models without the additional predictors, education and occupational complexity contributed an average of 1.90% and 1.44% of variance, respectively, in later specific cognitive abilities (SI Appendix, Table S8 ), compared with <1% in model 3 with additional covariates (Table 2) . Thus, within a study, the effect of education is likely to be inflated when other relevant and correlated predictors are not accounted for. On the other hand, comparable analyses still resulted in smaller education-associated gains from later baseline testing in the VETSA compared with the Lothian cohorts.
The well-known education-associated reduction in risk for mild cognitive impairment (MCI) and AD also may be primarily attributable to reverse causation. In previous work with the present sample, individuals diagnosed with MCI-when based on age-and education-adjusted scores without adjusting for age 20 GCA-had lower age 20 GCA than cognitively normal participants (50) . Higher AD polygenic risk scores were associated with significantly increased odds of having MCI in our sample, supporting our MCI diagnosis as being AD-related (51) . In a large Danish study, baseline GCA assessed in early adulthood (age 19-30 y) predicted later dementia, and education had no effect after accounting for baseline GCA (52).
One implication of our results is that studies examining educational activities and cognitive training in older adults should include random assignment to conditions to rule out reverse causation. Cognitive training in later life can be beneficial for remediating declines and supporting maintenance of functioning, although transfer of training has been inconsistent (53) (54) (55) (56) (57) (58) . However, evidence of late adolescent/early adult plateauing of the effects of education on cognitive ability suggests limited effects of later life education-related activities. Consistent with that idea, successful programs in older adults seem to require intensive intervention of relatively long duration (54) (55) (56) (57) (58) . Early life factors, such as low birth weight, low cSES, and poverty, already have substantial effects on brain development and GCA (24, 59) , but these effects are potentially modifiable. Thus, in some ways, reducing the risk of later cognitive decline may begin early in life.
Strengths and Limitations. Strengths of this study include the extensive coverage of cognitive domains, use of the same baseline and outcome GCA measures, simultaneous examination of multiple predictors, and additional analyses in which all participants had identical educational levels at baseline. Limitations include reduced generalizability due to the all-male, predominantly white, non-Hispanic sample. We also lacked fine-grained measures of physical activity and health status. The effects of occupational complexity, cognitive activities, and physical activity might have been stronger had they been based on longer time frames, but that could also increase memory inaccuracy. Moreover, 6-y correlations for cognitive activities and physical activity of 0.644 and 0.545 suggest that the 1-mo time frame does provide reasonable stability. Despite strong epidemiologic evidence for a leveling out of education-related IQ gains by late adolescence, we are unable to definitively confirm our hypothesis regarding possible sensitive periods for brain development and the age of baseline testing. Such confirmation would require testing at multiple time points before the completion of education all within the same study. We did not see evidence of significant differential effects on different cognitive abilities, but it is also difficult to draw firm conclusions, because no studies had the same specific ability measures at baseline and outcome.
Summary. Reverse causation appears to be the primary explanation for the associations of education, occupational complexity, and cognitive-intellectual activities with better later-life cognitive functioning and their possible link to a reduced risk of MCI or dementia. These factors are likely to be largely downstream effects of early-adult general intellectual capacity. Thus, caution is warranted when interpreting their impact or their use as indices of reserve. Because these factors are correlated, each of which may have small effects on later-life cognitive functioning, examining only one factor at a time may inflate its apparent effect. There is evidence that education does help enhance cognitive abilities, but our data are consistent with epidemiologic data suggesting a plateauing of those effects by late adolescence/early adulthood. The need for formal testing of this hypothesis remains, however. The leveling-off phenomenon is consistent with data suggesting that education-related activities in later life must be very intensive to have meaningful effects. It may also suggest that a reduction in later-life cognitive decline and dementia risk actually might begin with improving earlier educational quality and access.
